Abstract-Unlicensed spectra fusion technology for LTE holds the promise of alleviating the licensed spectra scarcity and enhancing capacity. It allows LTE to effectively utilize the unlicensed spectra distributed over high frequency bands with significant different propagation characteristics from its licensed spectra. However, the interference caused by other systems over unlicensed spectra, particularly the public unlicensed spectra, is viewed as the most serious challenge. In this paper, aiming to guarantee the feasibility in existing LTE systems, we design a novel unlicensed spectra fusion scheme based on the popular standard TDD-LTE. To mitigate the interference, we develop an interference coordination scheme which is carried out in two stages: screen the available unlicensed channels for every UE, and allocate unlicensed spectra based on Hungarian algorithm. We have conducted extensive simulation study and demonstrate that our proposed scheme can handle interference coordination effectively and enhance throughput significantly.
INTRODUCTION
U NDOUBTEDLY spectrum extension is a straightforward approach for enhancing wireless system capacity. However, radio spectrum is a precious and scarce natural resource and is most often regulated through licensing. Therefore, it is hard for operators to obtain more licensed spectra. Despite spectrum scarcity, various experiments reported that the current fixed spectrum allocation policy has resulted in severely low spectrum utilization in both time and space, even within spectrum-scarce urban areas [1] . To address this issue, US Federal Communication Commission (FCC) published a report prepared by the Spectrum-Policy Task Force, and relaxed the ruling of license usage, stating that "In many bands, spectrum access is a more significant problem than physical scarcity of spectrum, in large part due to legacy command-and-control regulation that limits the ability of potential spectrum users to obtain such access [2] ". Thus, in this paper, we focus on the unlicensed spectra fusion mechanism design for LTE systems to enable the use of unlicensed spectra to enhance capacity while guaranteeing communication quality. To avoid the violation of the radio regulation policy for the licensed bands of other systems, we focus on the use of the free public unlicensed spectra, e.g., the ISM bands (2.420-2.4835 GHz, 5.725-5.875 GHz, 24-24.25 GHz, etc., in China), and investigate the feasibility of the unlicensed spectra fusion technology for LTE systems.
For engineering implementation, reference [3] designs a cognitive pilot channel (CPC) based backward-compatible network access scheme for LTE-cognitive radio (CR) to facilitate the application of CR in LTE systems. Besides the system procedures related to the initialization access designed in [3] , a chain of system procedures, performed after the initialization access, about signal transmission and communication quality maintenance, also referred to as unlicensed spectra fusion, should be designed as well. Haykin [4] puts forward a basic cognitive design for CR, which contains three tasks: radio-status analysis, channel identification and dynamic spectrum management. The first two are carried out at a receiver, and the last one is carried out at a transmitter. Unfortunately, this design procedure could only be implemented in CR, not with LTE because of two main reasons: i) LTE cannot employ the interference strength, socalled interference temperature in CR, but Signal-to-Interference plus Noise Ratio (SINR), as the metric of channel status; ii) Due to the limitation of UE capacity, the dynamic spectrum management must be performed by eNB no matter whether it is the transmitter or the receiver, and thus the asymmetric procedure of downlink and uplink should be redesigned to utilize the unlicensed spectra in LTE. To solve these problems, our first contribution in this paper is to address the unlicensed spectra fusion based on the standardized TDD-LTE techniques to ensure its feasibility in LTE. Two main reasons inspire us to adopt the TDD-LTE as the fundamental technologies to perform redesign. First, the system design for TDD-LTE based unlicensed spectra fusion is more challenging than that based on FDD-LTE due to higher system complexity of TDD-LTE. Particularly, as for the system procedures related to the sub-frame distribution, the design for TDD-LTE is much more complex than that for FDD-LTE. Second, most system design procedures for TDD-LTE, which are not related to the sub-frame distribution, can be extended to FDD-LTE, such as physical channel, physical-transport-logical channel mapping, and unlicensed channel-state identification.
According to [5] , communication over the public unlicensed spectra, which is free of charge and licensing suffers from interference of other systems whose strength varies in both time and frequency. Obviously, the radio environmental instability makes interference coordination extremely difficult when the unlicensed spectra fusion is deployed in LTE. As for the interference coordination of spectrum sharing, there are many schemes developed for CR so far, which can be classified into two main types according to the way a secondary user accesses the unlicensed spectra. The first one is the opportunistic spectrum access (OSA), also known as the interweaving scheme, under which a secondary user accesses a frequency band only when it is detected not being used by primary users [6] . The second type is the spectrum sharing (SS), also known as the underlaying scheme, under which secondary users coexist with the primary users who are protected from harmful interference [7] , [8] . There is also a hybrid approach aiming to increase the throughput of the aforementioned two schemes, in which secondary users initially sense a frequency band (as in OSA) and then adapt their transmit power, based on the outcome of the spectrum sensing, to avoid causing harmful interference (as in SS) [9] $ [11] . Unfortunately, these schemes for CR are not suitable for LTE that attempts to access the public unlicensed spectra because here there is no distinction among users from LTE and other systems and all of them have equal priority. In other words, no system has the obligation to make a concession to avoid interference to other systems.
Hence, for interference coordination in public spectra, it has been suggested that multiple systems should cooperate to minimize the interference impact by choosing appropriate power levels and frequency bands [12] , [13] . This approach may be feasible when different systems are jointly designed with a common goal, or complying with some common agreements. Unfortunately, in a public unlicensed spectra scenario where regulations are more relaxed and systems may compete with each other to gain access to the shared medium, the cooperation between two different systems, such as LTE and 802.11, is hard to achieve. Non-cooperative schemes for the public spectra sharing could be accomplished by means of power control in which systems adjust their transmit power according to the severity level of interference already experienced themselves [14] , [15] . However, despite no enforced spectrum rules about the upper limit of power over unlicensed bands stated by FCC or other organizations [16] , all wireless devices still strictly comply with a maximum power constraint practically. Evidently, it is impossible for LTE to unboundedly raise its power against serious interference.
There is no doubt that the interference from other unlicensed systems is the greatest challenge for LTE over unlicensed spectra under non-cooperative situation. It is notable that, normally, unlicensed systems have small coverage and may cause local interference impact on LTE. In other words, users at different locations experience different channel conditions, a poor channel for one user may be a good channel for another. Furthermore, for any unlicensed channel, LTE system may find a UE which has the desirable channel condition. This is especially true in macro/micro cell environments in LTE systems with large coverage and many UEs. Thus, a judicious unlicensed channel allocation can potentially facilitate the system to implement effective interference coordination over unlicensed spectra. From the discussion above, we have also exploited a computationally efficient unlicensed channel allocation scheme to achieve the functionalities of both interference coordination and throughput maximization under equal power allocation for all allocated channels. For better interference coordination, the preliminary interference assessment should be done in the unlicensed channel-state identification before performing channel allocation that screens available channels for every UE from all unlicensed channels to ensure that each allocated channel meets the basic reliability requirement.
The rest of paper is organized as follows. In Section 2, we design the unlicensed spectra fusion scheme based on the TDD-LTE standard. As the fundamental component of this procedure to realize interference coordination and throughput maximization, the unlicensed channel allocation algorithm is presented in Section 3. The analytical model is developed to assess the performance in Section 4 and simulation studies are carried out in Section 5. Finally, Section 6 concludes the paper.
UNLICENSED SPECTRA FUSION
To better elaborate our design, we will focus on TDD-LTE systems and present the fusion procedures over unlicensed spectra. Due to the limited capability of UE, the procedures for downlink and uplink are naturally asymmetric, and both consist of five steps as shown in Figs. 1 and 2 , respectively. In this section, we present these five steps and their mutual relationships in detail:
Step 1: Detection of the SINR over the unlicensed spectra. As it is well-known, the periodic detection of SINR is the primary approach to estimate channel quality used for air interface and mobility management in LTE [35] . For implementability, we adopt the same way to sense the unlicensed spectra under the lack of cooperation in heterogeneous networks. For management tractability and consistency with LTE, channel partition on unlicensed spectra is necessary. We hereby define a novel dedicated channel for unlicensed spectra as Physical Downlink/Uplink Unlicensed Frequency Channel (PDUFCH/PUUFCH). These channels are configured with one Physical Resource Block (PRB) and one subframe (1 ms) in frequency and time domain separately, both of which could rerun the resource allocation [18] , described as in Fig. 3 . Moreover, to deal with the instability, the unlicensed channel should only support data traffic, without handling any control information for better radio channel environment, reliability and stability. As a result, there should be only PDUFCH and PUUFCH distributed on unlicensed bands without any other channels.
To perform frequency-selective scheduling on unlicensed spectra, the SINR of all unlicensed channels on each radio path between eNB and all UEs should be obtained. For consistency, we adopt the same method as in LTE to estimate the channel-state that is needed by the receiver for detection of the Reference Signal (RS) within the channel. The SINR of PDUFCH could be obtained by detecting Common Reference Signal (CRS) [19] , and Sounding Reference Signals (SRS) could be used for PUUFCH [20] , both of them being full-bandwidth RS. To avoid collision, the SRS of multiple UEs could employ the method of frequency or code division multiplexing (FDM/CDM) simultaneously. In addition, the distribution density of RSs, determined by coherence time and coherence bandwidth [21] , is critical for channel estimation because the excessive denseness degrades the data efficiency and the excessive dispersal leads to inaccuracy. Fig. 3 shows the RS distribution presented in LTE specification [18] that is applicable to frequency bands around or below 5 GHz, but unapplicable to higher frequency bands. For example, with 25 GHz, according to the parameters given in Spatial Channel Model and International Telecommunication Union [22] $ [24] , the coherence bandwidth is 770 kHz, and the coherence times of downlink and uplink are 0.36 and 0.18 ms, respectively, with Doppler shift of uplink doubling that for downlink. Thus, in terms of higher frequency bands, such as millimeter wave bands above 30 GHz, the RS distribution in frequency domain needs denser than that shown in Fig. 3 in order to guarantee accuracy.
Unfortunately, the channel sensing granularity of CSMA/CA based systems, like WiFi, might be shorter than the interval between two RSs of LTE. The impact of this fact is that CSMA/CA based systems may access the unlicensed spectra which are being occupied by LTE but no data, while only RSs are transmitting on them. For example, in Fig. 3 , the interval between CRSs is 142 or 213 ms (two or three symbol times). Hence, there would exist 142 or 213 ms silence time over an unlicensed channel with only CRSs transmission for LTE. Whereas, according to the specifications of 802.11n [36] , the sensing time of 802.11n is from 34 to 9241 ms (from DIFS to DIFS+CWmax). If a 802.11n device begins to detect the channel after a CRS finishing transmission and the sensing time is shorter than the silence time, it would consider this channel to be idle and access it. In order to shun this negative impact, LTE should arrange data delivery on each unlicensed channel used by it, unless the quality of a channel is too poor to support the lowest rate transmission, like BPSK.
In particular, the corresponding physical-transport-logical channel mapping should be redesigned, as presented in Figs. 4 and 5 [25] . We redefine a new transport channel, namely Downlink/Uplink Unlicensed Frequency Channel (DL-UFCH/ UL-UFCH), which merely takes the data from Dedicated Traffic Channel (DTCH) and deliver it to PDUFCH/PUUFCH only. Accordingly, the unlicensed physical channels only carry the data from DL-UFCH/UL-UFCH. Moreover, it should be noted that an unlicensed channel is not suitable for supporting delay-sensitive applications because transmission delay may be unpredictable due to uncontrollable strong interference. Another consideration is that licensed and unlicensed spectra, which may be separated significantly further apart in frequency domain with significantly different propagation characteristics, should be configured with different Link Adaptation Techniques (LAT) [17] , [26] . For instance, higher transmit power is allocated to higher unlicensed bands to cope with higher propagation loss, with different coherence bandwidth and time to adapt to different modulation and coding scheme (MCS) at a proper granularity. Step 2: Unlicensed channel-state identification. There are two main tasks in this step. The first task to make LTE complete the preliminary interference coordination is to screen the available channel for every UE from all unlicensed channels to ensure that every UE could be assigned with a channel to meet the basic reliability requirement. Suppose SINR ij , obtained in Step 1, denote the SINR value of PDUFCH j detected by UE i in the downlink or that of PUUFCH j detected by eNB from UE i in the uplink. The basic communication reliability is assured by choosing a channel with the SINR margin G large enough, as a design parameter, under operating conditions all the time. If SINR ij > G, channel j is viewed as being available and a candidate potentially allocated to UE i in the subsequent channel allocation.
The second task is to convert and simplify the SINR values to the brief channel-state information to alleviate the overhead of feedback and information processing. Like Channel Quality Indication (CQI) employed in LTE, our proposed channel allocation algorithm seeks a strategy for the maximum throughput. We take channel capacity as the channel-state information, defined as Channel Capacity Indication (CCI) given below:
where cci ij denotes the channel-state information of channel j for UE i. If channel j is available for UE i, the actual channel capacity can be calculated by B c log 2 1 þ 10
À Á , with the unlicensed channel bandwidth B c ¼180 kHz. round½ converts the values to positive integer which adjusts to the proposed algorithm. Otherwise cci ij ¼ 0. Notice that this metric is used in the channel allocation and it should provide the appropriate metric to capture the channel quality.
Step 3 and Step 4: Feedback information and dynamic unlicensed spectra management.
Feedback information is delivered in air interface. Thus, to protect feedback from the unstable radio environment, we configure feedback channel with licensed bands, which is normally not interfered by other systems. On the other hand, LTE achieves the various features by dynamic unlicensed spectra management, such as channel allocation, power control and so on. In this paper, we only focus on channel allocation by which we further complete the interference coordination and throughput maximization for unlicensed spectra. Considering UE capability, dynamic unlicensed spectra management must be carried out at eNB. For downlink operation, spectrum management can only be executed after eNB receives the feedback information from feedback channel Physical Uplink Control Channel (PUCCH), where feedback information is CCI. On the other hand, in uplink, eNB can immediately fulfill spectrum management following Step 2 at eNB, and then send the feedback information, namely scheduling signaling of PUUFCH, to UEs, by feedback channel Physical Downlink Control Channel (PDCCH).
It is apparent that part of steps, depending on air interface, would be restricted by the distribution of downlink/ uplink sub-frame with Time Division Duplexing of TDD-LTE. To facilitate management, we expect to design a reasonable distribution cycle on sub-frame to match the existing sub-frame distribution configuration of TDD-LTE. At first, an appropriate cycle length should be selected to adapt to the time-varying conditions of radio channel environment, while reducing system burden. Therefore, we choose 10 ms, the duration of one radio frame and a typical length of TDD-LTE, as the cycle length to give a design example with one of the sub-frame distribution configurations standardized by TDD-LTE specifications shown in Fig. 6 [18] .
In Fig. 6 , sub-frames from 0th to 10th constitute a radio frame in which D, U and S represent downlink, uplink and special sub-frame, respectively. Special Sub-frame is located in the 1st and 6th sub-frames and involves Downlink and Uplink Pilot Time Slot (DwPTS and UpPTS) as well as Guard Period. Downlink cycle starts with detection of SINR performed on the first downlink sub-frame D(0), and then UEs send feedback information to eNB via PUCCH of the first uplink sub-frame U(2). According to the feedback information, eNB is in charge of all PDUFCH signaling from D(4) to the S(1) of the next radio frame and carries out the resource allocation. In terms of uplink, the SINR of PUUFCH is detected in U(2), followed by Step 2 (channel-state identification), and Step 3 (spectrum management) is carried out at eNB. Afterwards, eNB transmits the feedback information to UEs on PDCCH in D(4) to schedule all PUUFCH within from S(6) to U(3) of the next radio frame. If PDCCH resources in D (4) are insufficient, eNB could also utilize other downlink sub-frames, like D(4) and D (9), to schedule the PUUFCH at later sub-frames. Once one cycle finishes, the system shall start a new cycle with the SINR detection of D(0) and U(2) in the new radio frame. Since few symbols are used for data transmission in special sub-frame (especially only one or two symbols are allocated for UpPTS), and some special control information, such as primary synchronized signals and random access signallings, are delivered by that, special sub-frame would not need to undertake any feedback information delivery normally. It is possible that unlicensed spectra may suffer from the uncertain and abrupt interference from CSMA/CA based systems, like WiFi. Therefore, for the future evolution, the gap between SINR detection and the transmission based on that should be as short as possible to mitigate the negative impact due to abrupt interference. Accordingly, after a new SINR detection, receivers should feedback the detection results as soon as possible. In the best case, the minimum gap between SINR detection and the feedback is one sub-frame (1 ms). However, the minimum gap is determined by the sub-frame distribution configuration adopted by LTE. For our design based on the sub-frame distribution configuration shown in Fig. 6 , we configure the gap between SINR detection and the feedback with two sub-frames, the minimum value which can be achieved, rather than four in the current release of LTE specifications [37] . Moreover, the sub-frames, like D(0), S (1), U(2) and U(3), which cannot be allocated based on the latest SINR detection, would transmit based on the last SINR detection to avoid any blank sub-frame. As a result, according to CSMA/CA mechanism, CSMA/CA based systems cannot access the unlicensed spectra and cause interference until LTE releases them.
Step 5: Signal transmission. Fig. 7 presents the frame structure of unlicensed spectra, in which the downlink transmission of PDUFCH signaling complies with the channel allocation from Step 4 and are scheduled by the PDCCH within the same downlink subframe. For uplink, UEs send uplink signal on PUUFCHs indicated by the feedback information in PDCCH of the previous downlink sub-frame. It is noteworthy that the issue on whether an unlicensed channel has successful transmission or not is determined by not only the quality of the channel, but also that of licensed channels. For example, the feedback channel outage will terminate the whole fusion procedure, and the outage of the scheduling channel PDCCH in downlink indicates that UEs cannot distinguish and demodulate their own transmitted data. Thus, to assess the unlicensed channel transmission performance, the quality of the corresponding licensed channels should be treated as one of the decision factors.
UNLICENSED CHANNEL ALLOCATION ALGORITHM
As discussed in Section 2, unlicensed channel allocation, executed in dynamic spectrum management, should play a role in the interference coordination by enabling each UE to have the channel with the preferable link quality. Besides, it should also consider the features of maximizing throughput and preserving fairness. Let x ij denote the status variable for the unlicensed channel allocation: x ij ¼ 1 if channel j is allocated to UE i, otherwise x ij ¼ 0. To ensure that the unavailable channels for one UE are unlikely to be assigned for this UE, the algorithm should set the corresponding CCI to be small enough in a maximum assignment problem. Therefore, we should have the first constraint x ij ¼0; for any cci ij ¼ 0:
The capacity of each unlicensed channel is determined based on the assumption that each UE has abundant data to proceed with full-load transmission on the unlicensed channel assigned to the UE. When channel j has been allocated to UE i, the actual capacity of channel j can be calculated as c ij ¼ B c log 2 1 þ 10
Moreover, the total throughput of the whole unlicensed bands is equal to the value of adding up the capacity of all unlicensed channels and can be obtained with
P N j¼1 c ij x ij . In addition, it is noticeable that the most straightforward way to guarantee the fairness between different UEs is to equally allocate the number of channels to each UE under the constraint (2) . Assuming that the total numbers of UEs and the unlicensed channels are M and N, respectively, the corresponding constraint is given below:
where p ¼ 1; 2; . . . ; N, and P N j¼1 x ij represents the total number of channels allocated to UE i. If M=N, the system allocates one channel to one UE; if M > N, at least (M-N) UEs would not be assigned any channels; and if M < N and
UEs can obtain ðp þ 1Þ channels, while others get p channels. Furthermore, each channel can only be assigned to one UE, accordingly, the constraint is given below:
To improve spectrum efficiency, we adopt the throughput maximization in each allocation as the optimization target with the throughput maximum optimization problem formulated as
subject to (2), (3), (4). Apparently, this problem can be viewed as a maximum assignment problem with c ij as the cost coefficient. Therefore, we can solve the problem using Hungarian Algorithm [34] after substituting c ij with cci ij ¼ round c ij À Á to meet the requirement of Hungarian Algorithm for the cost coefficient. This process, namely channel-state information generation, is complemented in Step 2. It is well known that this algorithm can achieve throughput maximization and fairness, while the effectiveness for interference coordination, the greatest challenge for communicating over unlicensed spectra, has not been proven under non-cooperative heterogeneous networks, which would be validated by simulation in Section 5. The coefficient matrix is defined as Fig. 7 . Frame structure.
However, Hungarian algorithm is usually used to solve the minimum problem. Thus, with respect to the maximum problem, the coefficients should carry out the second transformation from cci ij to a ij ¼m À cci ij , where m is the largest element in CCI MÂN . Meanwhile CCI MÂN is changed into A MÂN ¼ ða ij Þ MÂN ¼ ðm À cci ij Þ MÂN , whose minimum problem shares the same optimal solution with the maximum problem of CCI MÂN . Another issue that must be considered is that the number of UEs and channels would be different in most practical cases while the Hungarian Algorithm only applies to the standard case of M ¼ N with the square coefficient matrix. As for the nonstandard cases, relevant solutions have been known as well, nevertheless, the existing common methods are inappropriate for M < N case in this paper, which should be improved. The detailed solution is described below.
If M ¼ N, we can immediately solve the problem by Hungarian algorithm and obtain the optimal solution matrix, the process of which can be presented as
If M > N, the number of UEs exceeds the number of channels by ðM À NÞ. We firstly extend A MÂN with ðM À NÞ columns to a square matrix as B MÂM ¼ A MÂN ½ ð0Þ MÂðMÀNÞ , then solve it by Hungarian algorithm and obtain the optimal solution matrix X 0 ¼ðx ij Þ MÂM ,
Finally, we retain the first N columns and remove the rest columns of X 0 to turn it into an M Â N matrix X¼ðx ij Þ MÂN . Apparently, X is the optimal solution matrix of A MÂN .
If M < N, the number of channels exceeds the number of UEs by ðM À NÞ. Suppose that N ¼ pM þ q (p ¼ 1; 2; . . .; q ¼ 0; 1; . . .; and q 6 ¼ 0 if p ¼ 1). In order to make the algorithm to satisfy the constraints, a reasonable solution with low complexity consists of three steps as shown below:
Step 1: Extend A MÂN for 
Step 2: Obtain the optimal solution matrix of A 
Step 3: Start with the first row, and extract every sequential M rows from X 00 ðpþ1ÞMÂN to obtain ðp þ 1Þ Á M Â N matrices 
Then add up all of the M Â N matrices to obtain the solution matrix X MÂN of A MÂN ,
The LTE system could rely on the above-introduced algorithm to obtain the optimal solution matrix X ¼ ðx ij Þ MÂN , based on which the channel allocation is conducted.
SYSTEM MODEL AND PERFORMANCE ANALYSIS
In this section, we show the effectiveness of our proposed scheme in terms of interference coordination and throughput enhancement by comparing the received SINR of unlicensed channels and system throughput before and after employing the proposed scheme. Therefore, we firstly analyze how to compute the received SINR of unlicensed channels in both downlink and uplink. In addition, with the aforementioned analysis, the transmission failure over an unlicensed channel is related not only to the quality of the unlicensed channel, but also to that of the corresponding licensed channels. We also redefine the unlicensed channel transmission failure probability under this new transmission system and give the calculation process in this section.
SINR on an Unlicensed Channel Interfered by Other Systems
Assume that the interference source is from 802.11 devices in 5 GHz bands, referred to Access Points (APs). The propagation between a transmitter and a receiver in urban cellular scenario is regarded as Non Line-of-Sight (NLOS) case and the small-scale fading obeys Rayleigh fading [24] . As shown in Fig. 8 , on the X-Y two-dimensional coordinates, ðx 0 ; y 0 Þ and ðx; yÞ are the position coordinates of eNB and a UE. Again, assume there are three APs within the coverage of an eNB, each of which occupies different unlicensed bands, and ðx i ; y i Þ represents the position coordinate of AP i , i ¼ 1; 2; 3. h eNB and h AP are the heights of eNB and AP, and the heights of all APs are the same for simplicity. Hence, the distances from eNB to the UE, from AP i to the UE, and from eNB to AP i can be expressed as
respectively. Then from [24], the corresponding path loss can be given by:
PL eNB UE ½dB ¼ PLð xÞ þ 10n log 10
where f c stands for the carrier frequency of the unlicensed channel, PLð xÞ is the path loss at reference distance x evaluated by Hata Model for the urban scenario, n is the pathloss exponent which depends on the frequency, antenna heights and propagation environment. " eNB UE , " AP i UE and " eNB AP i denote, respectively, the shadow fading in dB and all of them are assumed to obey Gaussian distribution with mean 0 and standard deviation s. Similarly, PL AP i UE and PL eNB AP i can be derived from (14) .
Orthogonal Frequency Division Multiplexing (OFDM) is employed [27] , [28] . Suppose there are totally C sub-carriers. In one symbol duration, the baseband signal received by the UE from the eNB in the downlink can be expressed as:
d m e j2psDft þ n eNB UE ðtÞ; 
where V eNB UE ¼10 log 10 ðE½jm m ðkÞj 2 Þ. For E½jm m ðkÞj 2 , we offer the calculation details in Appendix A. Since both LTE and 802.11 adopt OFDM as the fundamental technologies, based on calculation illustrated above, we can similarly obtain the received desired signal power of uplink Pr UE eNB ,
where Pd UE denote the transmit power of UE within 15 kHz bandwidth, with the unit of dBm. V UE eNB stand for the small-scale fading channel gain of UE-eNB links. As stated in [32] , 
where I tot UE and I tot eNB represent the total power of the mixed signal of the interference and noise experienced by UE and eNB, respectively. By sensing unlicensed channel, systems can only obtain the overall power of interference and noise but cannot distinguish them.
Transmission Failure Probability on an Unlicensed Channel
According to the analysis in Section 2, we know that a transmission failure on an unlicensed channel happens when either the unlicensed channel itself or its corresponding licensed channels, used for feedback or scheduling, experience outage. As it is well-known, the outage probability characterizes the situation that the received signal is too weak to be properly decoded and maintain normal link connection. It is assumed that if the received signal quality is lower than a threshold g (dB), the outage would happen. Since LTE has the sole ownership on its licensed spectra, it could be assumed that there is no external interference on it and employ Signal-to-Noise Ratio (SNR) as the metric of licensed channel quality. Moreover, to simplify calculation, we assume that the same transmit power is allocated to the unlicensed and the licensed spectra, and all licensed channels have the same carrier frequency. With the aforementioned assumptions, the received signal SNR of licensed channel in the downlink and the uplink can be expressed as: Thus, the outage probability of the licensed channel, including downlink and uplink, is shown as:
which can be calculated as follows:
À 10 log 10 B Â 10
Similarly, P licensed UL outage can be obtained by the same calculation process. Equally, the outage probability of unlicensed channels are
whose detailed calculation processes could refer to (27) . Apparently, the calculation of unlicensed channel transmission failure probability on the downlink and the uplink would be different due to different spectra fusion procedures. In the downlink procedure, there are three essential conditions that must be satisfied to guarantee the transmission success: 1) no outage happens in the PUCCH for the feedback; 2) no outage happens in the PDCCH when used for delivering the scheduling information on PDUFCH; 3) no outage happens in the PDUFCH used for transferring the traffic information. Based on the unlicensed spectra fusion cycle illustrated in Fig. 6 , the time lag among the aforementioned three events within one cycle is less than 10 ms, even if events 2) and 3) occur simultaneously in the same downlink sub-frame. Thus, it is reasonable for UE in urban scenario with low mobility to assume that these events occur when the UE is located in the same position. The three events are mutually independent. Consequently, the downlink transmission failure probability on the unlicensed channel can be calculated as:
In the case of the uplink, two basic conditions must be satisfied for a successful transmission are: 1) no outage happens in the feedback channel PDCCH; 2) no outage happens in the PUUFCH in order to support the traffic delivery. Hence the uplink transmission failure probability on the unlicensed channel can be calculated as:
SIMULATION RESULTS
In this section, we conduct simulation study for the interference coordination, throughput enhancement and fairness performance of the proposed unlicensed spectra fusion scheme. To make comparisons, we also consider the Proportional Fair Scheduling (PFS) used on unlicensed spectra as the reference scheme. PFS is a classical algorithm and known in [38] , [39] to provide an efficient throughput-fairness tradeoff in OFDMA-based systems. The key principle is that channel j is assigned to user
, i 2 M, where M is the set of UE, R i;j is the achievable rate of user i on channel j, and R i ðt À 1Þ is the average rate of user i over the time window in the past and defined as
where T w is the window size and is equal to 2 s in our simulation, N i is the set of the channels assigned to UE i. Since PFS works effectively in terms of the time-average fairness and throughput, the simulations for unlicensed channel allocation based on our proposed and the reference scheme should perform multiple times with once per 10 ms. The simulation parameters are presented in Table 1 , the cell is situated on the X-Y two-dimensional coordinate with 3 km radius, and the eNB is located at (3,3) . In order to thoroughly evaluate our proposed scheme, we deploy three APs in the cell each of which is located at different location and occupy different unlicensed bands. Moreover, because APs are generally used for small coverage and may be employed by different systems with different power configurations, we assume that the power of APs is lower than eNB, but higher than UE, and use three values in this paper, namely, 22, 20 and 18 dBm, respectively, for our study. Thus, LTE would suffer from the interference of one specific unlicensed channel caused only by one AP. Moreover, 2000 UEs are spread all over the cell in different positions with uniform distribution. Additionally, for the unlicensed spectra simulation layout, we assume that LTE coexists with three APs on a continuous unlicensed band with the center frequency at 5 GHz. Because we regard APs as 802.11 devices which communicate through constant bandwidth channel (20/40 MHz for 802.11n, 20/ 40/80/160 MHz for 802.11 ac, etc.), it is reasonable to assume that no matter how much the bandwidth of the unlicensed band is, AP1, AP2 and AP3 occupy the lower, medium and higher part of this band, respectively, and the bandwidth taken by each of them is uniformly distributed.
First, we investigate the interference coordination performance by SINR distribution. In these simulations, LTE shares the 4.83-5.17 GHz unlicensed band, containing 2,000 unlicensed channels, with three APs. However, UEs may be allocated with no, one or more than one channel in one allocation with PFS, while each UE can only obtain one channel with Hungarian Algorithm when the number of channels and UEs is equal. For comparison, the average SINR of each UE is employed, calculated by SINR i ¼
where K is the total number of channels allocated, N k i is the set of the channels assigned to UE i in k th allocation, and SINR k i ðjÞ denotes the SINR value of the channel j. Fig. 9a and 9b present the downlink average SINR distribution of the reference scheme and our proposed scheme, respectively, where a point represents a position with one UE. It can be seen that the UEs closer to AP have lower average SINR in Fig. 9a . The reason is that, though not much, there still exists opportunity to assign an unlicensed channel to the UE closer to the AP that communicates on this channel by PFS. In this case, UE would experience strong co-channel interference, which degrades the average SINR. Whereas from Fig. 9b , all UEs within the cell have higher average SINR by our proposed scheme, and the entire surface of Fig. 9b appears to be smooth, which indicates that the main impact factor of average SINR distribution is the path loss and the impact from APs does not exist to some extent. Therefore, the comparison between Figs. 9a and 9b directly illustrates that our proposed scheme has significantly better performance attained from the downlink interference coordination. Moreover, this conclusion can be verified by comparing the simulations of our proposed scheme with the reference scheme in terms of the downlink transmission failure probability. As shown in Figs. 10a and 10b , the reference scheme causes higher transmission failure probability for UEs around APs, while our proposed scheme could eliminate this kind of harmful impact effectively. Second, we simulate the average SINR and transmission failure probability for the uplink under the same radio environment. Apparently, Figs. 11b and 12b show that our proposed scheme makes all UEs attain high-grade uplink transmission quality, higher SINR and lower transmission failure probability than the reference scheme. This is because our proposed scheme only allocates a channel to the UE that has superior propagation condition over the channel. For example, a channel occupied by an AP should be allocated to the UE with shorter distance to the eNB than that AP under the condition that the power of the UE is lower than that of the AP to ensure higher uplink received power against interference. Unfortunately, in the reference scheme, systems may assign a channel to the UE with the inferior propagation condition. Undoubtedly, our proposed scheme can perform uplink interference coordination better over the unlicensed spectra.
Third, Figs. 13 and 14, respectively, illustrate the reachable average throughput on downlink and uplink when our proposed scheme works in two extremely opposite interference environment. In these two figures, X and Y axes express, respectively, the number of channels and the average throughput of the whole system bandwidth, containing all the unlicensed channels. Besides, the line with circle denotes that the LTE is operating in the most severe interference environment when all APs transmit with full power over the unlicensed channels they have occupied. On the other hand, the line with star denotes the best interference environment with no interference.
As for reference, the line with diamond and square represents the reference scheme under the most hostile environment and the best environment, respectively. From the figure, we observe that the throughput with our proposed scheme, no matter whether it is for the uplink or downlink, is significantly higher than that for the reference scheme in the worst interference environment. Moreover, in the best interference environment, our proposed scheme can also bring in higher throughput than the reference scheme. It shows that our proposed scheme has significantly better performance for throughput enhancement, especially in the bad interference environment. Moreover, it is noteworthy that the throughputs of our proposed scheme in the worst and the best interference environment are extremely similar, which could directly reveal that the interference has less impact on throughput. Meanwhile, it demonstrates the excellent performance due to the interference coordination in our proposed scheme. However, there still exists the significant gap for the throughputs of the reference scheme between in the best interference environment and in the worst interference environment. This implies that the interference coordination of our proposed scheme is much better than the reference scheme.
Finally, the Jain's index for the rate fairness scheme will be adopted to evaluate the fairness performance of our proposed scheme. This fairness metric is introduced by WiMAX Forum [40] and has been widely used in relevant works [38] . It is defined as
where r i ðkÞ is the achievable rate of UE i after kth allocation. The index is lower-bounded by 1=K, corresponding to the most unfair case, and upper-bounded by 1. In Figs. 15 and 16, the Jain's index of downlink and uplink is given under M ¼ 2;000, N ¼ 2;000 and K ¼ 30. The results show that the fairness metric of our proposed scheme is always better than the reference scheme with PFS. Furthermore, the fairness performance for PFS in the initial and previous allocation is extremely bad, while that of our proposed scheme is always excellent at the beginning.
CONCLUSION, DISCUSSION AND FUTURE RESEARCH
In this paper, we have developed a novel unlicensed spectra fusion scheme for LTE that can significantly improve the system capacity and effectively perform interference coordination. Because of the particularity of the public unlicensed spectra, the system procedures in our spectra fusion scheme differs from the existing LTE and have not been designed. Thus, one of our main contributions is to design the system procedures of the unlicensed spectra fusion based on the popular standard TDD-LTE. Based on these procedures, the interference coordination scheme is developed in two stages: 1) To ensure that every UE is assigned a channel with link quality satisfying the basic reliability requirement; 2) To maximize the system throughput with guaranteed fairness in the unlicensed channel allocation scheme based on the Hungarian algorithm. Finally, we have conducted extensive simulation studies and show that our proposed scheme could make every unlicensed channel allocated to the UE that has preferable link quality with higher received signal SINR and lower transmission failure probability. It has been demonstrated that our proposed scheme could achieve interference coordination on the unlicensed spectra remarkably well. In addition, the simulation results on throughput confirm that our proposed scheme possesses the outstanding performance on both interference coordination and throughput enhancement. For the coexistence environment in unlicensed spectra, fairness between an LTE system and an 802.11 WLAN is extremely important. However, due to the poor interference cancellation ability in the "listen-before-talk" protocol to access spectra, 802.11 WLANs are in the absolutely inferior position of the competition with LTE-U on unlicensed spectra, which are the only available medium being proposed for Wi-Fi systems. In our recent work [41] , we have proposed a solution to addressing the fairness between LTE-U and 802.11 WLANs. We proposed an unlicensed channel access mechanism, also referred to as spectrum etiquette protocol, for LTE-U where LTE-U should regard 802.11 WLANs as the "primary user" with higher priority and can access an unlicensed band only if it is detected not being used by 802.11 WLAN devices, or no harmful interference is caused to 802.11 WLAN devices, just as done in cognitive radio networks [42] . For engineering implementation, we design an LTE-802.11 fusion protocol stack with corresponding frame structure and system procedures designed. Moreover, for spectral efficiency maximization, we also study the problem on maximizing the ergodic throughput for LTE-U to obtain the optimal transmit power and the optimal unlicensed channel access time length under our proposed spectrum etiquette. From [41] , we observe that LTE-U could proactively release the unlicensed resource for 802.11 WLAN devices and only opportunistically use the unlicensed spectra to guarantee the fairness. This paper is our follow-up works of [41] on how to perform unlicensed spectra fusion when LTE-U has already occupied the unlicensed spectra.
Due to the inherent disadvantages of unlicensed spectra which suffer from higher propagation loss and uncontrolled interference, LTE-U systems are almost impossible to provide reliable transmission for each UE if solely depending on unlicensed bands. Therefore, based on the present research in this paper, it is reasonable to come up with a sound unlicensed and licensed joint channel allocation scheme to support the unlicensed and licensed joint access service to meet the QoS requirement for each UE. This issue will be investigated in the future.
APPENDIX A CALCULATION DETAILS OF (19)
If Doppler Shift exists, the autocorrelation function of the lth path can be obtained by J 0 ðÁÞ, the zeroth-order Bessel function of the first kind defined as in [29] : 
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